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SIGNAL-TO-NOISE R A T I O  ANALYSIS AND EVALUATION OF THE 

HADAMARD I M A G I N G  TECHNIQUE 

Dan ie l  J. Jobson,  Stephen J. Katzberg,  
and Robert  B. S p i e r s ,  Jr. 

Langley Research Center  

SUMMARY 

The Hadamard imaging t echn ique ,  u s i n g  b i n a r y  coded masks t o  scan  image 
space  mechanica l ly ,  e n a b l e s  large numbers o f  image e lements  t o  be sampled 
s imul t aneous ly ,  i n  c o n t r a s t  t o  t h e  s e q u e n t i a l  sampling of conven t iona l  imaging. 
T h i s  t echn ique  w a s  o r i g i n a l l y  used t o  improve t h e  s igna l - to -no i se  r a t i o  per-  
formance o f  g r a t i n g  spec t romete r s .  An ana logous  performance advantage when 
a p p l i e d  t o  imaging h a s  n o t  been v e r i f i e d .  
to -noise  r a t i o  performance o f  t h e  Hadamard imaging t echn ique  and p r e s e n t s  
an  expe r imen ta l  e v a l u a t i o n  o f  a l a b o r a t o r y  Hadamard imager. A comparison 
between t h e  performances o f  Hadamard and conven t iona l  imaging t echn iques  shows 
t h a t  t h e  Hadamard t echn ique  is s u p e r i o r  on ly  when the  imaging o b j e c t i v e  l e n s  
is r e q u i r e d  t o  have an  e f f e c t i v e  F number of  about  2 or s lower .  

T h i s  paper  a n a l y z e s  the . s igna1-  

INTRODUCTION 

E l e c t r o - o p t i c a l  imagers used i n  most a p p l i c a t i o n s  have measured t h e  radi- 
ance d i s t r i b u t i o n  o f  a scene  e i ther  by mechanica l ly  scanning  an  image a c r o s s  
t h e  a c t i v e  area o f  a s i n g l e  pho tode tec to r  or by e l e c t r o n i c a l l y  scanning  a 
s t a t i o n a r y  image w i t h  a d e t e c t o r  a r r a y .  I n  both  t y p e s  of imagers ,  e lements  of 
the  image are sampled s e q u e n t i a l l y .  An imaging technique  which u s e s  b ina ry  
coded masks t o  sample large numbers of  image e lements  s imul taneous ly  has been 
sugges ted .  (See ref.  1.1 

T h i s  imaging t echn ique  u’ses masks w i t h  p a t t e r n s  o f  opaque and t r a n s p a r e n t  
e lements  a r ranged  accord ing  t o  a predetermined b ina ry  code t o  scan  a s t a t i o n -  
a r y  image mechanica l ly .  The motion of t h e  mask causes  d i f f e r e n t  combinations 
of image e lements  t o  be t r a n s m i t t e d  t o  a pho tode tec to r  which responds w i t h  an  
e lectr ical  s i g n a l  p r o p o r t i o n a l  t o  t he  sum of  the  t r a n s m i t t e d  elements .  An 
image is recovered  from t h i s  series of e lectr ical  s i g n a l s  when t h e  s o l u t i o n  o f  
t h e  se t  of  e q u a t i o n s  which mathemat ica l ly  r e p r e s e n t s  the  measurement p rocess  i s  
computed . 

I 

One b ina ry  code p a r t i c u l a r l y  u s e f u l  as a mask p a t t e r n  is a c y c l i c a l  modi- 
f i e d  Hadamard code. This  code is s e l e c t e d  f o r  r easons  of  compactness,  ease of  
data r e d u c t i o n ,  and unbiased  e f f i c i e n t  sampling. C y c l i c a l  codes e l i m i n a t e  the 
need f o r  a unique mask p a t t e r n  f o r  each s u c c e s s i v e  sample o f  t he  e l e c t r o n i c  . 
s i g n a l .  The u s e  of Hadamard codes a l lows  s imple  fast  recovery  o f  image data 
from t h e  e l e c t r o n i c  s i g n a l s  because the  s o l u t i o n  o f  t h e  set o f  equa t ions  
r e q u i r e s  a s imple  m a t r i x  i n v e r s i o n .  I n  a d d i t i o n ,  t h e  u s e  o f  Hadamard codes 



prov ides  unbiased e f f i c i e n t  sampling s i n c e  each i m a g e  element appears i n  abou t  
one-half  o f  the summations. (See ref. 2.) 

Although the  use o f  Hadamard masks i n  g r a t i n g  spec t romete r s  p rov ides  
improved s igna l - to-noise  r a t i o  performance i n  comparison w i t h  convent iona l  
scanning ,  there is no exper imenta l  v e r i f i c a t i o n  t h a t  a Hadamard imager can 
achieve  analogous g a i n s  i n  performance when compared wi th  conven t iona l  imaging 
methods. I n  fac t ,  one paper i n  the  l i t e r a t u r e  has expressed  doubt t h a t  sub- 
s t a n t i a l  improvements can be achieved.  (See ref. 3 . )  

A g e n e r a l  a n a l y s i s  of  t he  s igna l - to -no i se  r a t i o  performance o f  t h e  
Hadamard imaging technique  is g iven  here. I n  a d d i t i o n ,  an  a n a l y s i s  and the  
r e s u l t s  of performance measurements o f  a . l a b o r a t o r y  Hadamard imager are pre- 
s en ted .  The r e s u l t s  o f  t h e  a n a l y s e s  and measurements are used t o  draw a com- 
pa r i son  of the  Hadamard and conven t iona l  imaging t echn iques .  
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SYMBOLS 

Hadamard code e lements  a r ranged  t o  r e p r e s e n t  imaging p rocess  

o b j e c t i v e  l e n s  a p e r t u r e  area, m2 

d e t e c t o r  area, m2 

e m p i r i c a l  c o n s t a n t s  for ' ' l / f"  n o i s e  

p r o p o r t i o n a l i t y  c o n s t a n t ,  V/m-Hz1l2 

l e n s  a p e r t u r e  diameter or l e n g t h  o f  one s ide  o f  squa re  a p e r t u r e ,  m 

image diameter, m 

image diameter us ing  immersion l e n s ,  m 

depth o f  photoconductor ,  m 

e lectr ic  f i e l d ,  V/m 

f o c a l  l e n g t h ,  m 

e f f e c t i v e  F number (F# = 2/D) 

f requency ,  Hz 

e l e c t r o n i c  g a i n  

system e l e c t r o n i c  g a i n  exc lus ive  of  photoconductor  and p reampl i f i e r  

photoconductor g a i n  

height  of  mask code element ,  m 



h Planck c o n s t a n t  

I s p e c t r a l  i r r a d i a n c e  on photoconductor ,  W/m2-um 

i c u r r e n t ,  A 

it  photo-induced c u r r e n t ,  A 

~ N T  t o t a l  n o i s e  c u r r e n t ,  A 

K e q u i v a l e n t  i n p u t  n o i s e  v o l t a g e ,  V 

k Boltzmann c o n s t a n t  

V kS system c o n s t a n t ,  
W / m z - s r  

L focused o b j e c t  d i s t a n c e ,  m 

2 focused l e n s  t o  image d i s t a n c e ,  m 

R l eng th  between photoconductor e l e c t r o d e s ,  m 

m number of scene  e lements  

r ad iance  of j t h  scene  e lement ,  W/m2-sr  N j  

N j  

- 
s p e c t r a l  weighted average  r ad iance  of  j t h  scene  e lement ,  W/m 2 -sr 

NER n o i s e  e q u i v a l e n t  r a d i a n c e ,  W/m 2 -sr 

n index of  r e f r a c t i o n  

n '  volume d e n s i t y  of  photogenerated charge carriers, m-2 

"i n o i s e  v o l t a g e  i n  i t h  e l e c t r o n i c  s i g n a l ,  V 

nc t o t a l  volume d e n s i t y  of charge  carriers, m-2 

P PR performance r a t i o  of  Hadamard imager t o  conven t iona l  imager 

P number of samples  

9 charge o f  e l e c t r o n ,  C 

R1,R2,RB v a r i o u s  c i r c u i t  r e s i s t a n c e s ,  ohms 

R ( X )  photoconductor  r e s p o n s i v i t y ,  V/W 

S i  , S j  i t h , j t h  e l e c t r o n i c  s i g n a l ,  V 

3 



e l e c t r o n i c  s i g n a l  due t o  j t h  image e l emen t ,  V 

T tempera ture ,  K 

l ifetime o f  charge  carriers i n  photoconductor ,  sec tP 

VBB b i a s  v o l t a g e ,  V 

VO ou tpu t  v o l t a g e ,  V 

VNA 

'Nf 

VNT 

v N I  ,VN2,VNB 

p r e a m p l i f i e r  e q u i v a l e n t  i n p u t  n o i s e  v o l t a g e ,  v / H Z I / ~  

n o i s e  v o l t a g e  due t o  feedback r e s i s t o r ,  V/Hz1l2 

t o t a l  p r e a m p l i f i e r  e q u i v a l e n t  ou tpu t  n o i s e  v o l t a g e ,  v/HZI/~ 

n o i s e  v o l t a g e s  due t o  v a r i o u s  c i r c u i t  r e s i s t o r s ,  v / H Z ~ / ~  

e l e c t r o n i c  bandwidth,  Hz 

width of  mask code e lement ,  m 

wid th  of photoconductor ,  m 

d i s t a n c e  from Hadamard mask t o  f i e l d  s t o p  a l o n g  o p t i c a l  a x i s ,  m 
(see f i g .  2 )  

d i s t a n c e  from f i e l d  s t o p  t o  f i e l d  l e n s  measured a long  o p t i c a l  a x i s ,  m 
(see f i g .  2 )  

quantum e f f i c i e n c y  of  photoconductor ,  e l e c t r o n - h o l e  pa i r s /pho ton  

e r r o r  s i g n a l ,  V 

wavelength,  p m  

m o b i l i t y  of charge  carr iers ,  m2/V-sec 

o p t i c a l  f requency ,  Hz 

photoconductor  r e s i s t a n c e ,  ohms 

wavelength independent  t r a n s m i s s i v i t y  of  o p t i c s  

s p e c t r a l  t r a n s m i s s i v i t y  of o p t i c s  

photons pe r  second a r r i v i n g  a t  photoconductor  p e r  u n i t  wavelength,  
( vm-sec)-l 

image element s o l i d  a n g l e ,  sr 
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S u b s c r i p t s :  

C convent iona l  imager 

F f i e l d  l e n s  

H Hadamard imager 

i , j &  i n t e g e r s  

0 o b j e c t i v e  l e n s  

rms r o o t  mean squa re  

An estimate i s  denoted by < >. A b a r  over  a symbol i n d i c a t e s  t h e  aver- 
age of t h e  parameter .  

THEORETICAL COMPARISON OF CONVENTIONAL AND HADAMARD I M A G I N G  TECHNIQUES 

The s igna l - to -no i se  r a t i o  performance of  both conven t iona l  and Hadamard 
imaging has been i n v e s t i g a t e d  t o  provide  a basis f o r  comparison between t h e  
two methods. Noise e q u i v a l e n t  r a d i a n c e  was chosen as t h e  f i g u r e  of  merit f o r  
t h e  comparison. The dominant n o i s e  was assumed t o  be a d e t e c t o r  n o i s e  which 
is  s i g n a l  and frequency independent .  Performance parameters which may d i f f e r  
i n  t h e  two cases are s u b s c r i p t e d  as c f o r  convent iona l  and H . fo r  Hadamard. 

Convent ional  Imager 

For a convent iona l  imager (see f i g .  I ) ,  t h e  e l e c t r o n i c  s i g n a l  a f t e r  ampl i -  
f i c a t i o n  is  r e l a t e d  t o  t h e  r a d i a n c e  of  t h e  j t h  scene element by 

where A, is  t h e  a p e r t u r e  area oT t h e  o b j e c t i v e  l e n s ;  52, t h e  s o l i d  a n g l e  sub- 
tended by a d e t e c t o r  w i t h  r e s p e c t  t o  t he  o b j e c t i v e  l e n s ;  G ,  e l e c t r o n i c  g a i n ;  
N j ( X ) ,  t h e  s p e c t r a l  r a d i a n c e  e lements  o f  t h e  scene ;  - c C ( X > ,  t h e  s p e c t r a l  t r a n s -  
m i s s i v i t y  o f  t h e  conven t iona l  imager o p t i c s ;  
the d e t e c t o r ;  and 

R ( A ) ,  t he  s p e c t r a l  r e s p o n s i v i t y  of 
S. n j ,  t h e  n o i s e  v o l t a g e  occur r ing  i n  the j t h  measurement of 

A s p e c t r a l l y  weighted average  r a d i a n c e  i s  def ined  as 

L 



An estimate of t h i s  ave rage  is  ob ta ined  from e q u a t i o n s  ( 1 )  and ( 2 ) :  

where 

- 
Nj The n o i s e  e q u i v a l e n t  r a d i a n c e  o r  root-mean-square ( r m s )  e r r o r  i n  e s t i m a t i n g  

from p measurements of each i s  

o r  

(NER) j , c  = nj,rms/GAoQ~c 

where nj,rms c ( a  W) ’ I2 
c o n s t a n t ,  a, t h e  setector area, and W t h e  e l e c t r o n i c  bandwidth. 

f o r  most d e t e c t o r s ,  c being some p r o p o r t i o n a l i t y  

Hadamard Imager 

For  Hadamard imaging, a r o t a t i n g  mask i s  placed i n  t h e  image p l a n e  of  an 
o b j e c t i v e  l e n s .  (See f i g .  2 . )  A f i e l d  s t o p  d e f i n e s  t h e  image f i e l d ,  and a 
f i e l d  l e n s  condenses t h e  r a d i a n t  power t r a n s m i t t e d  by t h e  mask on t o  a detec- 
t o r .  T h i s  imaging p r o c e s s  i s  r e p r e s e n t e d  i n  s i m p l i f i e d  form as 

m 
Si = ks A i , j N j  

j = 1  

without  the  presence of  n o i s e ,  o r  i n  matrix form 

6 



where Si is  t h e  column m a t r i x  o f  e l e c t r o n i c  s i g n a l s  from t h e  d e t e c t o r ,  ks 
i s  a system c o n s t a n t ,  N j  
and m is t h e  number o f  e l emen t s  i n  t h e  Hadamard code (as  w e l l  as t h e  upper 
l i m i t  for i and j ) .  A i , .  i s  a n  m x m b i n a r y  m a t r i x  whose first row 
is t h e  Hadamard code,  each Auccessive row being t h e  p rev ious  row cycled by one 
code element.  After m samples  of Si have been t a k e n ,  a set o f  m equa- 
t i o n s  i n  m unknowns h a s  been formed. 

i s  t h e  column m a t r i x  o f  s cene  r a d i a n c e  e l emen t s ,  

To r e c o v e r  t h e  scene  r a d i a n c e  d i s t r i b u t i o n ,  t h e  matrix e q u a t i o n  (5b )  is  
solved for [ N l  

where [ A I w 1  i s  a ma t r ix  i n v e r s e .  

The n o i s e  e q u i v a l e n t  r a d i a n c e  f o r  t h e  Hadamard imager i s  determined by 
expanding e q u a t i o n s  ( 5 b )  and ( 6 )  t o  i n c l u d e :  (1)  t h e  parameters which comprise 
t he  system re sponse  t o  r a d i a n c e ,  ( 2 )  t h e  s p e c t r a l  charac te r i s t ics  o f  t h e  scene 
r a d i a n c e  and e l e c t r o - o p t i c a l  system, and ( 3 )  t h e  e f fec t  o f  d e t e c t o r  n o i s e .  
The i n c l u s i o n  o f  these f a c t o r s  i n  t h e  summation form o f  e q u a t i o n  ( 1 )  y i e l d s  

N j ( 1 )  - t H ( X )  R ( X )  dh + ni 
x 2  m 

Si = AoQG A i ,  
j = 1  1 

where a i s  now t h e  s o l i d  a n g l e  subtended by each mask code element.  It i s  
o f t e n  more convenient  i n  practice t o  use  an e q u i v a l e n t  form of e q u a t i o n  ("a) 
such a s  

m 

j = 1  
S i  = C ~ i , ~ s ~  + ni (7b)  

where 

( t h a t  i s ,  the  s i g n a l  c o n t r i b u t i o n  o f  t h e  j t h  image e l emen t ) .  Re tu rn ing  t o  t h e  

m a t r i x  form o f  t h i s  e q u a t i o n  and l e t t i n g  IH = rH(X) R ( X )  dX and N j  be 

d e f i n e d  as b e f o r e  I 

7 



An estimate o f  t h e  r a d i a n c e  i s  t h e n  

and t h e  e r r o r  i n  t h i s  estimate i s  

The root-mean-square va lue  o f  [AI”[n] 
2m1 /*ni, rms 

m +  1 

i s  de r ived  i n  r e f e r e n c e  3 as 

and g i v e s  

Comparison 

Because o f  t h e  d i f f e r e n c e  i n  t h e  two t y p e s  o f  imaging sys tems,  two param- 
e t e r s  i n  t h e  NER expres s ions  may n o t  be t h e  same f o r  t h e  two cases. These 
a r e  o p t i c a l  system t r a n s m i s s i v i t y  and d e t e c t o r  area. For t h i s  comparison, the  
Hadamard imager o p t i c a l  system i s  assumed t o  d i f f e r  from t h a t  o f  t h e  conven- 
t i o n a l  imager only  by t h e  a d d i t i o n  o f  a f i e l d  l e n s  and t h e  d e l e t i o n  o f  a scan 
m i r r o r .  I n  a d d i t i o n ,  t h e  d e t e c t o r  areas are l i k e l y  t o  be  d i f f e r e n t  because f o r  
Hadamard imaging t h e  d e t e c t o r  area does no t  have t o  match t h e  image element 
area. I n  f ac t ,  t h e  use o f  a small d e t e c t o r  area i s  d i f f i c u l t  t o  r e a l i z e  i n  
a c t u a l  hardware. After these c o n s i d e r a t i o n s  have been accounted f o r ,  t h e  per- 
formance r a t i o  PR 
e q u a t i o n s  (4b )  and (10)  (assuming ( N E R ) i  = N E R ,  . rc ( l i )  = . rc ,  and ~ ~ ( 1 )  = .rH) 
becomes 

of the  Hadamard imager t o  t he  conven t iona l  imager from 

Because 
approximation i s  

m ‘ i s  u s u a l l y  a large number f o r  most imaging sys tems,  a ve ry  c l o s e  

8 



Since  t h e  t r a n s m i s s i v i t i e s  o f  t h e  o p t i c s  o f  t h e  Hadamard and convent iona l  
imager systems should no t  d i f fe r  g r e a t l y ,  t h e  r a t i o  o f  t h e  d e t e c t o r  areas is  
of  primary concern.  Equat ion  ( I l b )  shows t h a t  t h e  performance advantage gained 
by s imultaneous sampling of image elements  ( t h e  f a c t o r )  is  r e a l i z e d  
on ly  t o  t h e  e x t e n t  tha t  t h e  Hadamard imager d e t e c t o r  area i s  made t o  approach 
t h a t  o f  a conven t iona l  imager. T h i s  c o n d i t i o n  r e q u i r e s  demagnifying t h e  t o t a l .  
image f i e l d  t o  as small an area as p o s s i b l e .  F i r s t ,  u s e  o f  a f i e l d  l e n s  i s  
assumed t o  condense r a d i a t i o n  on t o  t h e  d e t e c t o r .  Then t h e  minimum d e t e c t o r  
area, determined from t h e  r e l a t i o n s h i p  o f  o b j e c t  t o  image s i z e  f o r  t h e  F i e l d  
l e n s  (see f i g .  21 ,  y i e l d s  a minimum image diameter o f  

m1j2/2 

S ince  

and 

f o r  c i r c u l a r  d e t e c t o r s ,  

But t h e  image f i e l d  s t o p  i s  a l s o  t h e  f i e l d - l e n s  a p e r t u r e  and g i v e s  DF = dcm 1 /2 , 
and s i n c e  t h e  f i e l d  l e n s  images t h e  o b j e c t i v e  l e n s  on t o  t h e  d e t e c t o r ,  
LF = 2, + x + y r e s u l t s .  (See  f i g .  2 . )  Thus, 
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or w i t h  X + y << lo and e f f e c t i v e  F number d e f i n e d  as  F# l / D ,  t h e  per- 
formance r a t i o  becomes 

T h i s  expres s ion  i l l u s t r a t e s  t h a t  r e l a t i v e  performance o f  Hadamard imaging 
is not  m1l2/2 i n  p r a c t i c e .  Rather, t h e  performance advantage is a much 
smaller v a l u e  (F#o/F#F) because t h e  Hadamard imager cannot  u s u a l l y  be made t o  
have a d e t e c t o r  area as small as t h a t  of t h e  conven t iona l  imager. 

Although t h e  Hadamard imager o p t i c s  i n c l u d e  an  immersion l e n s ,  t h e  conven- 
t i o n a l  imager can a l s o  use an  immersion l e n s  w i t h  t h e  same r e l a t i v e  r e d u c t i o n  
i n  d e t e c t o r  area. T h i s  effect  would t h e n  c a n c e l  i n  t h e  performance r a t i o .  
The minimum p o s s i b l e  d e t e c t o r  area and h i g h e s t  performance r a t i o  are achieved 
by us ing  t h e  lowest  e f f e c t i v e  F number p o s s i b l e  f o r  t h e  f i e l d  l e n s .  

EXPERIMENTAL EVALUATION OF A HADAMARD IMAGER 

System D e s c r i p t i o n  

The Hadamard imager which was used as a t e s t  in s t rumen t  i s  shown i n  f i g -  
u r e  3. T h i s  i n s t rumen t  o p e r a t e s  i n  t h e  t h e r m a l  i n f r a r e d  s p e c t r a l  range from 
8 t o  14 pm. F igu re  2 p r e s e n t s  a schematic drawing o f  t h e  germanium o p t i c a l  
subsystem; f i g u r e  4 p r e s e n t s  a block diagram o f  t h e  e l e c t r o n i c s  subsystem. 
Tab le  I summarizes t h e  imager des ign  parameters. 

The o p t i c a l  subsystem c o n s i s t s  of o b j e c t i v e  l e n s ,  t h e  Hadamard encoding 
mask, a f i e l d  l e n s ,  and an immersion l e n s  mounted d i r e c t l y  on t h e  l i q u i d -  
n i t r o g e n  cooled mercury cadmium t e l l u r i d e  (HCT) d e t e c t o r .  An image of the  scene 
is formed by the  o b j e c t i v e  l e n s  on t h e  encoding mask. The f i e l d  s t o p  l i m i t s  t h e  
area of t h e  encoding mask which can t r a n s m i t  r a d i a t i o n  from image e l emen t s  t o  
t he  remainder of t h e  o p t i c a l  subsystem. S ince  t h e  f i e l d  l e n s  images t h e  objec-  
t i v e  l e n s  on t o  t h e  d e t e c t o r  a c t i v e  area, an  out-of-focus image o f  t h e  encoding 
mask superimposed on t h e  image f i e l d  i s  formed a t  t h e  d e t e c t o r .  Thus, t h e  
effect  o f  t h e  f i e l d  l e n s  i s  t o  mix t h e  r a d i a t i o n  from t h e  t r a n s m i t t e d  image 
elements  on t o  t h e  d e t e c t o r  a c t i v e  area. The immersion l e n s  i s  used t o  reduce 
the  r e q u i r e d  a c t i v e  area of  t h e  d e t e c t o r  t o  minimize d e t e c t o r  n o i s e .  An ac 
motor r o t a t e s  t h e  mask a t  720 r e v o l u t i o n s  p e r  minute ( r p m ) .  T h i s  r o t a t i o n  
r e q u i r e s  t h e  d e t e c t o r  s i g n a l  t o  be sampled i n  25-usec i n t e r v a l s .  A frame o f  
image data is  acqu i red  i n  25.6 msec. The Hadamard mask c o n t a i n s  t iming  s l o t s  
t o  synchronize d e t e c t o r  s i g n a l  sampling wi th  mask r o t a t i o n .  T h e s e  t iming  s l o t s  
are used t o  create t iming  p u l s e s  by means o f  small t u n g s t e n  l i g h t s  and detec- 
t o r s  on o p p o s i t e  s ides  o f  t h e  mask. 

The  e l e c t r o n i c s  subsystem performs s i q n a l  sampling,  i n t e g r a t i o n ,  a m p l i f i -  
c a t i o n ,  and d i g i t i z a t i o n .  (See f i g .  4 . )  I n  o r d e r  t o  r e a l i z e  d e t e c t o r  noise-  
l i m i t e d  performance, t h e  rest of t h e  e l e c t r o n i c s  subsystem should i n t r o d u c e  no 
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a p p r e c i a b l e  n o i s e .  T h e r e f o r e ,  t h e  a n a l y s i s  o f  t h e  e l e c t r o n i c s  subsystem c e n t e r s  
on n o i s e  s o u r c e s .  

O p t i c a l  Subsystem 

is 
o f  

Op t i c s . -  A de ta i l ed  o p t i c a l  arrangement o f  t h e  Hadamard t r ans fo rm imager 
shown i n  f i g u r e  2 .  The o b j e c t i v e  l e n s  o f  f o c a l  l e n g t h  Fo forma an image 
some o b j e c t  on a d i g i t a l l y  encoded f i e l d  mask. The image frame area i s  

de f ined  by a f i e l d - s t o p  a p e r t u r e  placed as c l o s e  as p r a c t i c a l  behind t h e  mask 
a t  some d i s t a n c e  x .  T h i s  s q u a r e  a p e r t u r e  t r a n s m i t s  image r a d i a t i o n  which 
corresponds t o  a mask area c o n t a i n i n g  31 by 33 elements .  

Upon pass ing  through t h e  f i e l d - s t o p  a p e r t u r e ,  t h e  r a d i a t i o n  i s  i n c i d e n t  
on a f i e l d  l e n s  p l aced  a d i s t a n c e  y immediately a f t e r  t h e  a p e r t u r e .  The 
b e s t  imager s igna l - to -no i se  r a t i o  i s  r e a l i z e d  when t h e  f i e l d  l e n s  c o n c e n t r a t e s  
a l l  t h e  encoded r a d i a t i o n  on a d e t e c t o r  o f  t h e  smallest s i z e  p o s s i b l e .  The 
minimum image s i z e  t h e  f i e ld  - lens  can form i s  p r o p o r t i o n a l  t o  t h e  r a t i o  o f  t h e  
image d i s t a n c e  Z F  and t h e  o b j e c t  l e n s  d i s t a n c e  LF. T h e r e f o r e ,  t h e  smallest 
r a t i o  w i l l  be ob ta ined  by u s i n g  t h e  s h o r t e s t  f o c a l  l e n g t h  o r  l owes t  F number 
l e n s .  The lowest  e f f e c t i v e  F number p o s s i b l e  w i t h  r e f r a c t i v e  o p t i c s  i s  0 .5 .  
However, when ' r e f r a c t i v e  o p t i c s  have F numbers l e s s  than  1 . 0 ,  l e n s  aberra- 
t i o n s  begin t o  nega te  any f u r t h e r  s i z e  r e d u c t i o n .  For t h i s  imager, an effec- 
t i v e  F /1 .38  l e n s  was selected.  

The image diameter d is reduced f u r t h e r  t o  a l l o w  a smaller d e t e c t o r  
s i z e  by us ing  h e m i s p h e r i c a l  immersion o p t i c s .  khen t h e  d e t e c t o r  i s  p laced  i n  
o p t i c a l  c o n t a c t  w i t h  t h e  f l a t  back s u r f a c e  o f  a hemisphe r i ca l  l e n s  o f  index o f  
r e f r a c t i o n  n ,  t h e  image diameter d can be  reduced i n  s i z e  t o  

dH 
d; = - n 

(14 )  

T h e r e f o r e ,  t he  h i g h e r  t h e  index  o f  r e f r a c t i o n  o f  t h e  immersion l e n s ,  t h e  
smaller dH can be made. I n  t h i s  imager, t h e  immersion l e n s  i s  germanium 
which has  an index of 4 a t  a 10-pm wavelength; t h e r e f o r e ,  t h e  image diameter 
is  reduced by 4.  I n  o r d e r  f o r  t h e  d e t e c t o r  t o  be f i l l e d  w i t h  r a d i a t i o n ,  t h e  
squa re  d e t e c t o r  d i agona l  WG i s  made e q u a l  t o  d H .  

Mask.- The coded mask c o n s i s t s  o f  two arc s e c t o r  areas p laced  diametri- 
c a l l y  o p p o s i t e  each o t h e r  on a r o t a t a b l e  d i s k  as shown i n  f i g u r e  5 .  The sec- 
t o r s  are c o n c e n t r i c  w i t h  t h e  r o t a t i o n  a x i s  o f  t h e  d i s k ;  t h e  s e c t o r  areas are 
c e n t e r e d  and normal t o  t h e  o p t i c a l  a x i s  of t h e  o b j e c t i v e  l e n s .  T h e r e f o r e ,  t h e  
s e c t o r  areas are i r radiated by t h e  image a l t e r n a t e l y  as t h e  d i s k  r o t a t e s .  The 
s e c t o r  areas are made o f  t h i n  opaque metall ic p l a t e s  which have small elemen- 
t a l  areas chemica l ly  etched away i n  t h e  form o f  a b i n a r y  code.  The t r a n s p a r e n t  
and opaque e l emen ta l  areas are e f f e c t i v e l y  squa re  i n  shape w i t h  a w i d t h  
and h e i g h t  He.  These e l emen ta l  areas are arranged i n  31 c o n c e n t r i c  rows. 
Each row c o n t a i n s  1088 e l emen t s ,  65 o f  which are redundant .  The o t h e r  s e c t o r  
area is arranged i d e n t i c a l l y .  The modified Hadamard code g iven  i n  r e f e r e n c e  3 
de te rmines  which e l emen t s  are opaque and which are t r a n s p a r e n t .  Two image 

We 
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frames of information are presented for processing with each rotation of the 
mask disk. The elemental solid angular field of view (in steradians) of the 
imager is given by 

Electronics Subsystem 

This section reviews the basic performance of the radiation detector, pre- 
sents an analysis of the succeeding preamplification and video processing, and 
compares those predictions with actual system measurements. 

--- Detector.- The detector used in this system is a commercial mercury cad- 
mium telluride (HCT) detector optimized for operation from approximately 8 to 
14 um. Resistances of these detectors are a function of their temperature, 
field of view, and the object radiance. In the configuration used in this 
study the HCT is enclosed in a Dewar which maintains a detector temperature 
of 77 K and restricts detectable energy to a 60’ field of view. 
is 2.5 mm by 2.5 mm, and it is directly bonded to a germanium immersion lens. 
The HCT used in this application operates in the photoconductive mode and has 
approximately 40 ohms of element resistance when viewing a 295-K field. 

Detector size 

Photoconductors such as the HCT very nearly approach background photon 
noise-limited performance at their peak wavelength. The basic photocon- 
ductor noise mechanisms are a lfl/fll noise arising from contacts, qeneration- 
recombination noise (G-R), arising from random creation and removal of carriers 
from the conduction process, and finally, Johnson noise arising from the random 
motion of the free carriers themselves. (See ref. 4.) To put this discussion 
in more quantitative terms, the situation illustrated in figure 6 is used as 
the basis for a model of the photon detector and noise processes. The detector 
has a bias current impressed upon it and is assumed to be receiving a spectral 
irradiance IA in W/m’2-pm. The length between the electrodes is & and the 
photoconductor has depth dp and width w. By assuming that the photocon- 
ductor absorbs the photons impinging upon it with quantum efficiency Q a ( A ) ,  
there will be an increase in equilibrium carrier concentration (per unit wave- 
length) of 

IAllWtP 
n1 = - 

hvRwdp 
(16a) 

12 



where I p X  is the total number of photons arriving per second. The increase 
in current in the measuring circuit is then (ref. 5) 

GP it = qaXa (17b) 

where Gp is Evtp and is called the photoconductor gain. The total current 
generated is then 

In actual operation the photoconductor is generally operated with constant 
bias current. Thus an increase in photocurrent is exactly balanced by a 
decrease in voltage across the photoconductor to hold the current of the total 
device constant. Detection is therefore by measurement of the photoconductor 
voltage changes. Proper operation requires that these changes be small in 
comparison with the dark (nonsignal) bias current and voltage. .Such a mode of 
operation is assumed here. 

As mentioned earlier, noise in photoconductors can be divided into three 
major categories and may be represented as three equivalent noise current gen- 
erators per Hz112 (see ref. 6): 

-. 

1 where the first term on the right is Johnson noise, the second is G-R noise, 
and the third is l/f noise. For the HCT detector used here, the basic 
signal-to-noise ratio resulting from dividing equation (18) by equation (19) 
approaches the value that would be expected for a perfect photoconductor. 

The figure of merit which best describes absolute detector perfor- 
mance D* 
at about 12 pm for the HCT detector whereas an ideal photoconductor has a 
theoretical value of 3 x 10” cm-Hzli2 per watt at that wavelength. 

takes on its maximum value greater than 1 x 10’’ cm-Hz’/* per watt 

I 
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Preampl i f i e r . -  I n  o r d e r  n o t  t o  degrade system performance from t h a t  
p o s s i b l e  w i t h  t h e  HCT d e t e c t o r ,  t he  s i g n a l  must be boosted by a n  extremely 
low n o i s e  p r e a m p l i f i e r .  T h i s  i s  a d i f f i c u l t  requirement  s i n c e  t h e  n o i s e  p e r  
Hz1l2 p resen ted  t o  t he  p r e a m p l i f i e r  i s  a n  ex t r eme ly  low v a l u e .  I n  fac t ,  t h e  
v o l t a g e  n o i s e  a s s o c i a t e d  w i t h  t h e  d e t e c t o r  is  n o t  fa r  from t h a t  o f  a r e s i s t o r  
g e n e r a t i n g  Johnson n o i s e  a l o n e .  E v a l u a t i n g  the  Johnson n o i s e  component o f  
e q u a t i o n  (19)  g i v e s  p e r  Hz1l2 a v a l u e  o f  1 .0  x 
conductor  used i n  t h i s  system. If i t  is  assumed t h a t  t h e  G-R and l / f  compo- 
n e n t s  o f  n o i s e  are n e a r  t h i s  v a l u e ,  t h e n  t h e  p r e a m p l i f i e r  n o i s e  must be less  
t h a n  1 t o  2 nV per Hz112. 

V f o r  t h e  40-ohm HCT photo- 

The p r e a m p l i f i e r  used i n  t h i s  system is  a commercial low-noise o p e r a t i o n a l  
a m p l i f i e r  whose n o i s e  f igure is  s p e c i f i e d  a t  2 dB f o r  a 100-ohm s o u r c e  imped- 
ance. Unfo r tuna te ly ,  t h e  b i a s  on t h e  d e t e c t o r  r e q u i r e s  a ba lanc ing  c i r c u i t  
i n t r o d u c i n g  a d d i t i o n a l  n o i s e .  The c i r c u i t  i n  f i g u r e  7 which r e p r e s e n t s  t h e  
d e t e c t o r - p r e a m p l i f i e r  and ba lanc ing  c i r c u i t  can be analyzed t o  y i e l d  t h e  con- 
d i t i o n  f o r  ba l ance ,  s e n s i t i v i t y  t o  s i g n a l  v a r i a t i o n s ,  and n p i s e .  

For low-frequency c o n d i t i o n s  and t y p i c a l  o p e r a t i n g  c o n d i t i o n s ,  t h e  per- 
formance o f  t h e  c i r c u i t  can be  approximated by 

The c o n d i t i o n  f o r  ba l ance  may be found by s e t t i n g  Vo 0 and s o l v i n g  f o r  R 1 :  

Using t h e  v a l u e s  f o r  t h e  c i r c u i t  i n  t h i s  system ( R  
and 5, = 40.5 ohms) y i e l d s  a va lue  f o r  R 1  o f  30g.6 ohms which i s  c l o s e  t o  
t h e  measured va lue  of 306 ohms. 

= 50 ohms, RB = 250 ohms, 

S ince  t h e  p r e a m p l i f i e r  was s u p p l i e d  w i t h  an unknown feedback  r e s i s t o r  
measurements were made t o  determine i t s  va lue .  R e s i s t o r  R 1  was v a r i e d ,  
and t h e  change i n  ou tpu t  s i g n a l  was used i n  con junc t ion  wi th  equa t ion  ( 2 1 )  
t o  g i v e  
(5000 ohms f 10 p e r c e n t )  given by t h e  manufac tu re r .  Note t h a t  equa t ion  (20)  
g i v e s  t h e  s e n s i t i v i t y  t o  s i g n a l  changes; t h a t  is ,  

R f ,  

Rf  = 4880 ohms. T h i s  r e s u l t  agrees well w i t h  t h e  nominal v a l u e  

where it i s  assumed t h a t  
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The effect  a t  t h e  o u t p u t  o f  t h e  v a r i o u s  n o i s e  s o u r c e s  can bes t  be a r r i v e d  
a t  by combining t h e  n o i s e  s o u r c e s  by us ing  s u p e r p o s i t i o n  and r o o t  sum o f .  
s q u a r e s  per  ~ ~ 1 / 2  

where 

, t h e  d e t e c t o r  n o i s e  approaches t h e  Johnson R I n  equa t ion  ( 1 9 )  5, 
qwCwdp 

R f  R f  
n o i s e  va lue  ove r  t h e  e l ec t r i ca l  f r e q u e n c i e s  o f  i n t e r e s t ,  and 7 = 1 + -. 

The fo l lowing  equa t ion  t h u s  r e p r e s e n t s  t h e  system o u t p u t  n o i s e  v o l t a g e  
p e r  Hz : 

R2 R; 

1 /2 

( =  34.48 ohms) and R; ( =  43.0 ohms) y i e l d  ( w i t h  
RBSA 

Values f o r  

vNA = 0 1  a n o i s e  v o l t a g e  per  ~ 2 1 ’ ~  of 
RB + E A  

By assuming t h a t  the  p reampl i f i e r  n o i s e  f i g u r e  o f  2 dB is  c o r r e c t  and t h a t  
R f  4880 ohms, one can expec t  t h e  p r e d i c t e d  p r e a m p l i f i e r  e q u i v a l e n t  i n p u t  
n o i s e  v o l t a g e  pe r  Hz1I2 of  1 . 6  x v o l t .  

15 



Table 11: g i v e s  measured e q u i v a l e n t  i n p u t  n o i s e  v o l t a g e  ob ta ined  f o r  the 
system w i t h  t h e  HCT d e t e c t o r  on the  one hand and a 41-ohm dummy r e s i s t o r  on the  
o t h e r  hand. Note the  good agreement o f  bo th  cases w i t h  the above p r e d i c t e d  
v a l u e  excep t  a t  t h e  lower f r e q u e n c i e s .  The i n f l u e n c e  o f  l / f  n o i s e ,  which has 
been neg lec t ed ,  can e a s i l y  e x p l a i n  t he  i n c r e a s e  i n  n o i s e  a t  lower f r e q u e n c i e s  
and is assumed t o  be the source  o f  d i f f e r e n c e  between low-frequency n o i s e  
v a l u e s  and p r e d i c t i o n .  S ince  l / f  n o i s e  is an  e m p i r i c a l l y  determined q u a n t i t y  
and n o t  p r e d i c t a b l e ,  it is assumed t o  be de f ined  by t h e s e  measurements. 

The effect o f  l / f  n o i s e  can be taken  i n t o  account  by i n t e g r a t i n g  the  
f u n c t i o n  C / f  over  t h e  f r e q u e n c i e s  encountered.  The v a l u e  ass, igned t o  C 
is the  observed va lue  o f  l / f  n o i s e  a t  a frequency a t  which the  l / f  is 
dominant. A t  a f requency  o f  5 kHz, t h e  e q u i v a l e n t  i n p u t  n o i s e  v o l t a g e  is  
4.3 x 10-9 per Hz1/2 or 

K 2 
- = (4.3 x 10-9) 

The n o i s e  v o l t a g e  can be determined by i n t e g r a t i n g  the  squared n o i s e  
vo l t age  over  t he  assumed frequency range between 40 Hz and 40 kHz, and t a k i n g  
the  squa re  r o o t  (assuming f o r  t he  moment t h a t  l / f  is t h e  on ly  n o i s e  s o u r c e ) .  
The complete effect o f  the  two dominant n o i s e  s o u r c e s ,  t he  white  and l / f  com- 
ponents ,  can be computed w i t h  a root-sum-of-squares c a l c u l a t i o n .  The va lue  
f o r  the e q u i v a l e n t  i n p u t  l / f  n o i s e  is 0.799 x lom6 V .  
e q u i v a l e n t  i n p u t  white  n o i s e  component i n  t h e  40-kHz bandwidth is  0.400 uV. 
After these n o i s e  s o u r c e s  have been assembled, a root-sum-of-squares c a l c u l a -  
t i o n  g i v e s  a n  e q u i v a l e n t  i n p u t  n o i s e  v o l t a g e  o f  0.900 x 10-6 V. 

The v a l u e  f o r  the 

Inc lud ing  the approximate preamplifier g a i n  o f  115 and a p o s t a m p l i f i e r  
g a i n  of  G I  g i v e s  a p r e d i g i t i z e d  n o i s e  of 1.035 x G I  x v. 

S i g n a l  and Noise Measurements I 

A calibrated blackbody source  p o s i t i o n e d  1.02 m from the  imager o b j e c t i v e  
l e n s  was set f o r  800 K and al lowed t o  s t a b i l i z e  f o r  a t  least  3 hours .  
c u l a r  a p e r t u r e  0.87 cm i n  diameter was placed over  t he  blackbody source .  
a d d i t i o n ,  a known high-pass  i n t e r f e r e n c e  f i l t e r  covered t h e  a p e r t u r e  o f  the  
source  t o  l i m i t  the  lower wavelength o f  t h e  r a d i a t i o n  t o  8 u m .  
source  a p e r t u r e  roughly cor responds  i n  diameter t o  two image elements .  Moving 
t h e  source  l a t e r a l l y  and v e r t i c a l l y  p o s i t i o n e d  t h e  image nea r  t h e  c e n t e r  of  
the image f i e l d  t o  minimize t he  effect of o f f - a x i s  a b e r r a t i o n s  and v i g n e t t i n g .  
Smaller la teral  and v e r t i c a l  p o s i t i o n i n g  was r e q u i r e d  t o  l o c a t e  t h e  image so 
that  it f i l l e d  one image element uniformly w i t h  roughly e q u a l  c o n t r i b u t i o n s  t o  
a d j a c e n t  image elements .  

A cir- 
I n  

The blackbody 
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A p r e d i c t e d  v a l u e  f o r  t h e  s i g n a l  for  t h e  central  image element 
i s  g iven  by e q u a t i o n  ( 7 b ) ,  w i t h  t h e  v a l u e s  
a = 1.24 x sr, G = 1206, N j  e q u i v a l e n t  t o  t h e  sou rce  r a d i a n c e  o f  
an 800-K extended s o u r c e ,  and rH(X) t h e  o p t i c s  t r a n s m i s s i v i t y .  C a l c u l a t i o n s  
made by u s i n g  a t a b l e  o f  v a l u e s  f o r  t h e  wavelength dependence o f  a blackbody 
s o u r c e  r a d i a n c e ,  t h e  o p t i c a l  t r a n s m i s s i v i t y ,  and d e t e c t o r  r e s p o n s i v i t y  g i v e  a 
v a l u e  f o r  t h e  in tegra l  on t h e  r ight-hand s i d e  o f  equa t ion  (7b)  o f  1.64 x l o 4 .  
U t i l i z i n g  t h e  e l e c t r o n i c  ga in  g ives  a p r e d i c t e d  s i g n a l  l e v e l  f o r  t h e  c e n t r a l  
p i x e l  of 0.224 V .  

s j  
A, = 9.133 x m2 

An average s i g n a l  v o l t a g e  was determined f o r  t h e  cen t ra l  image element by 
t a k i n g  t h e  a r i t h m e t i c  mean o f  50 measurements. T h i s  value was 0.24633 V w i th  
a s t anda rd  d e v i a t i o n  o f  5.2 x IO-' V .  

Observat ion o f  system o p e r a t i o n  i n d i c a t e d  n o i s e  i n  e x c e s s  o f  t h a t  expected 
from t h e  detector-preamplifier-digitization p r o c e s s .  I n  o r d e r  t o  determine 
p r o p e r l y  t h e  effect  o f  t h e  Hadamard t echn ique  on system n o i s e  and t o  compare 
t h e  n o i s e  measurements w i t h  p r e d i c t i o n ,  t h r e e  n o i s e  measurements were made. 
F i r s t ,  a c t u a l  d e t e c t o r  n o i s e  measurements a f t e r  a m p l i f i c a t i o n  and d i g i t i z a t i o n  
were taken w i t h  t h e  d e t e c t o r  removed from t h e  imager. The d e t e c t o r  t hen  
viewed a 300-K s t a t i o n a r y  background with e m i s s i v i t y  e q u i v a l e n t  t o  t h a t  o f  t h e  
mask. Second, n o i s e  measurements were t aken  wi th  t h e  d e t e c t o r  r ep laced  i n  t h e  
imager;  t h u s ,  t h e  r o t a t i n g  mask and t h e  capped l e n s  are viewed. The f i n a l  
n o i s e  measurement was t aken  a f t e r  p rocess ing  through t h e  Hadamard i n v e r s i o n  by 
t a k i n g  an average o f  t h e  r m s  n o i s e  o f  10 image elements .  ( F i f t y  measurements 
o f  each element were made.) The r e s u l t s  are summarized i n  t a b l e  111. Excess 
n o i s e  was being gene ra t ed  when t h e  d e t e c t o r  viewed t h e  r o t a t i n g  mask. This  
n o i s e  was approximately a f a c t o r  of t h r e e  greater  t h a n  t h e  e l e c t r o n i c  n o i s e ,  
i n c l u d i n g  q u a n t i z a t i o n  n o i s e .  

The r e d u c t i o n  i n  system n o i s e  was found t o  be a f a c t o r  of 14.5 when com- 
pared with t h e  system n o i s e  b e f o r e  Hadamard p r o c e s s i n g .  Compared with t h e  
detector-amplifier-digitization n o i s e ,  t h e  r e d u c t i o n  was on ly  a f a c t o r  of 5 .  
Thus, t h e  Hadamard p rocess  reduced system n o i s e  by a f a c t o r  c l o s e  t o  t h e  pre- 
d i c t e d  va lue  of 16 ( t h a t  i s ,  I m"2/2). 
used i n  these t e s t s ,  t h e  system n o i s e  was somewhat h i g h e r  t han  i t  should have 
been. I n v e s t i g a t i o n  . i n d i c a t e d  t h a t  v i b r a t i o n  i n  t h e  r a t h e r  l a r g e  code wheel 
was t h e  source of t h i s  e x c e s s  n o i s e .  Proper  mechanical des ign  should v i r -  
t u a l l y  e l i m i n a t e  t h i s  problem; t h e r e f o r e ,  i t  i s  no t  expected t o  be a b a s i c  
l i m i t a t i o n .  

However, f o r  t h e  p a r t i c u l a r  i n s t rumen t  

COMPARISON OF EXPERIMENTAL AND THEORETICAL RESULTS 

The fo rego ing  a n a l y s i s  and measurement r e s u l t s  sugges t  t h a t  f o u r  s p e c i f i c  
s igna l - to -no i se  r a t i o  performance v a l u e s  be compared. I n  a d d i t i o n ,  t h e  analy-  
sis p rov ides  a means f o r  g e n e r a l i z i n g  t h e  performance comparison between the .  
Hadamard imager and t h e  c o n v e n t i o n a l  imager.  

F i r s t ,  t h e  f o u r  s p e c i f i c  s igna l - to -no i se  r a t i o  performance v a l u e s  given 
f o r  comparison are a l l  f o r  t h e  case o f  one image element f i l l e d  by an 800-K 
extended blackbody s o u r c e ;  t h e r e f o r e ,  a l l  measurements and p r e d i c t i o n s  can be 
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d i r e c t l y  compared. The first o f  t h e s e  f o u r  v a l u e s  is  measured performance 
f o r  t h e  l a b o r a t o r y  Hadamard imager l i m i t e d  by e x c e s s  n o i s e ;  t h e  second v a l u e  
is t h e  measured performance o f  a Hadamard imager l i m i t e d  by d e t e c t o r  n o i s e .  
assumed t o  be reduced by t h e  m u l t i p l e x  f a c t o r  o f  16. A p r e d i c t i o n  o f  t h e  bes t  
p o s s i b l e  Hadamard imager performance is g iven  by t h e  t h i r d  v a l u e .  T h i s  v a l u e ,  
c a l c u l a t e d  by ( 1 )  u s i n g  e q u a t i o n  (7b)  and t a b l e  I t o  de t e rmine  the  s i g n a l  and 
(2) r educ ing  t h e  measured d e t e c t o r  n o i s e  by assuming a f i e l d  l e n s  w i t h  an 
e f f e c t i v e  F number o f  u n i t y ,  could be used t o  minimize t h e  d e t e c t o r  area. 
The f o u r t h  va lue  is  the  b e s t  a c h i e v a b l e  performance w i t h  t h e  conven t iona l  
imaging t echn ique .  T h i s  f o u r t h  v a l u e  i s  c a l c u l a t e d  by d i v i d i n g  t h e  t h i r d  
v a l u e  by t h e  performance r a t i o  ( eq .  ( 1 3 ~ ) ) ~  an  o p t i c a l  t r a n s m i s s i v i t y  o f  0.64 
f o r  t he  conven t iona l  imager and 0.51 fo r ’  t h e  Hadamard imager and F#,/FtF = 1 
being assumed. A d i s c u s s i o n  ear l ier  i n  t h i s  paper po in t ed  o u t  t h a t  t h e  immer- 
s i o n  l e n s  is omi t t ed  from t h e  comparison s i n c e  it could be used w i t h  bo th  
imaging t echn iques  w i t h  t h e  same r e d u c t i o n  i n  d e t e c t o r  area. 

Comparison o f  t h e  f o u r  v a l u e s  g iven  i n  t ab le  I V  r e v e a l s  t h a t  t h e  l abora -  
t o r y  Hadamard imager could be improved s u b s t a n t i a l l y  by e l i m i n a t i n g  excess  
n o i s e  and by us ing  t h e  minimum p o s s i b l e  e f f e c t i v e  F number f i e l d  l e n s .  Such 
improvements would lead t o  performance approaching t h a t  o f  t h e  conven t iona l  
imager. T h i s  comparison a l s o  i m p l i e s  t h a t  a t  best t h e  Hadamard imager can 
perform no bet ter  t h a n  a conven t iona l  imager when a minimum F number objec-  
t i v e  l e n s  i s  used. 

The comparison o f  t h e  two imaging t echn iques  i s  g e n e r a l i z e d  by us ing  t h e  
performance r a t i o  e q u a t i o n  repeated here f o r  convenience.  

An examination o f  t h i s  e q u a t i o n  d i s c l o s e s  t h a t  t h e  Hadamard imaging t echn ique  
s u r p a s s e s  conven t iona l  methods o n l y  when t h e  f i e l d  l e n s  can be a much lower 
e f f e c t i v e  F number t h a n  t h e  o b j e c t i v e  l e n s  t o  more t h a n  o f f s e t  t h e  f a c t o r  
of 2 and t h e  u s u a l l y  s l i g h t l y  lower o p t i c a l  t r a n s m i s s i v i t y  o f  t h e  Hadamard 
imager. S i n c e  t h e  p r a c t i c a l  minimum F number o f  t h e  f i e l d  l e n s  i s  about  1 ,  
a performance advantage i s  achieved when t h e  o b j e c t i v e  l e n s  i s  r e q u i r e d  t o  be 
an  F number greater t h a n  about  2 .  For p r a c t i c a l  sys t ems ,  t h i s  performance 
advantage i s  not  u s u a l l y  large and does n o t  u s u a l l y  approach t h e  f u l l  advan- 
tage of m 1 l 2 / 2 .  
‘H = T 

For an  F/5 imaging o b j e c t i v e ,  an  F/1 f i e l d  l e n s ,  and 
f o r  example, t h e  performance advantage would be 2.5.  C ’  

T h i s  performance comparison h a s  cons ide red  on ly  s igna l - to -no i se  r a t i o .  
I n  p rac t ica l  a p p l i c a t i o n s ,  t h e  two t echn iques  would a l s o  be compared f o r  d i f -  
f e r e n c e s  i n  dynamic range r equ i r emen t s ,  data r e d u c t i o n  complexi ty ,  mechanical 
complexi ty ,  and c o s t  i n  determining t h e  r e l a t i v e  merits o f  t h e  two imaging 
t echn iques .  
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CONCLUDING REMARKS 

The Hadamard imaging technique  was described, and an  a n a l y s i s  of  its 
s igna l - to-noise  r a t i o  performance was p resen ted .  An expres s ion  w a s  de r ived  
f o r  comparing p o t e n t i a l  Hadamard performance wi th  convent iona l  imaging tech-  
n iques .  The o p t i c a l  and e l e c t r o n i c s  subsystems of  a l a b o r a t o r y  Hadamard imager 
o p e r a t i n g  i n  t h e  thermal  i n f r a r e d  s p e c t r a l  r eg ion  were ana lyzed ,  and t h e  s i g n a l -  
to -noise  r a t i o  performance o f  t h e  imager was measured. 

The g e n e r a l  comparison of  Hadamard and convent iona l  imaging was based on 
a performance r a t i o  which p r e d i c t s  a performance advantage p r o p o r t i o n a l  t o  the  
F number of  t h e  imaging o b j e c t i v e  l e n s ,  r a t h e r  than  the  h i g h e r  performance 
advantage u s u a l l y  g iven  as one-half  t h e  squa re  r o o t  o f  t h e  number of  image 
elements .  T h i s  s i g n i f i c a n t l y  lower advantage r e s u l t s  because the  p r a c t i c a l  
minimum d e t e c t o r  s ize  (and n o i s e )  is much larger than  t h a t  r e q u i r e d  f o r  t h e  
convent iona l  imager. I n  a d d i t i o n ,  t h e  p o t e n t i a l  advantage is o f f s e t  f u r t h e r  
by a f a c t o r  of  2 a s s o c i a t e d  wi th  t h e  encoding mask and s l i g h t l y  lower o p t i c a l  
t r a n s m i s s i v i t y  f o r  t he  Hadamard imager. Consequently,  a performance advantage 
can be r e a l i z e d  on ly  when an F number greater than  about  2 is requ i r ed  f o r  
t h e  imaging o b j e c t i v e  l e n s .  

Performance measurements o f  a l a b o r a t o r y  Hadamard imager wi th  a fas t  
o b j e c t i v e  l e n s  (about  F/1) confirmed p r e d i c t i o n s  f o r  the  Hadamard imager. 
Although t h i s  p a r t i c u l a r  imager was l i m i t e d  by excess  n o i s e  caused by a v ib ra -  
t i o n  of t h e  r o t a t i n g  mask, t he  pure d e t e c t o r  n o i s e  was measured s e p a r a t e l y  t o  
determine p o t e n t i a l  system performance. I n  a d d i t i o n ,  t h e  s i g n a l  produced by 
a blackbody source  was measured t o  determine a b s o l u t e  system r e s p o n s i v i t y ,  and 
t h e  n o i s e  r educ t ion  p r o p e r t y  of Hadamard imaging w a s  v e r i f i e d .  

R e s u l t s  of  the  g e n e r a l  comparison, suppor ted  by t h e  l a b o r a t o r y  measure- 
ments,  imply t h a t  Hadamard imaging w i l l  be u s e f u l  p r i m a r i l y  when des ign  con- 
s i d e r a t i o n s  d ic ta te  t h e  u s e  o f  a slow F number o b j e c t i v e  l e n s  for imaging. 

Langley Research Center  
Nat iona l  Aeronaut ics  and Space Adminis t ra t ion  
Hampton, VA 23665 
December 20, 1976 

19 



REFERENCES 

1 .  Decker, J .  A . ,  Jr . :  Hadamard-Transform Image Scanning. Appl. Opt. ,  
v o l .  9 ,  no. 6 ,  June 1970, pp. 1392-1395. 

2 .  S loane ,  N. J.  A . ;  F i n e ,  T . ;  P h i l l i p s ,  P .  G . ;  and H a r w i t ,  M . :  Codes for 
Mul t ip l ex  Spectrometry.  Appl. Opt. ,  v o l .  8 ,  no. 10 ,  Oct. 1969, 
pp. 2103-2106. 

3. Nelson, E.  D . ;  and Fredman, M .  L . :  Iiadamard Spectroscopy.  J .  Opt. SOC. 
America, v o l .  60 ,  no. 12,  Dec. 1970, pp. 1664-1669. 

4.  Rose, A . :  Noise C u r r e n t s .  P h o t o e l e c t r o n i c  Materials and Devices, Simon 
Larach,  e d . ,  D .  van Nostrand Co., I n c . ,  (2.1965, pp. 222-238. 

5 .  Bube, Richard H . :  Photoconductors.  P h o t o e l e c t r o n i c  Materials and Devices, 
Simon Larach,  e d . ,  D .  van Nostrand Co., I n c . ,  c .1965,  pp. 100-138. 

6 .  Humphrey, James N . :  Optimum U t i l i z a t i o n  of Lead S u l f i d e  I n f r a r e d  D e t e c t o r s  
Under Dive r se  Opera t ing  Cond i t ions .  Appl. Opt . ,  v o l .  4 ,  no. 6 ,  June 
1965, pp. 665-676. 

20 

-. . . .  



TABLE I.- HADAMARD IMAGER PARAMETERS 

Objec t ive  l e n s :  
,Aper tu re  diameter, Do, c m  . . . . . . . . . . . . . . . . . . . . . .  3.41 

In-focus o b j e c t  d i s t a n c e ,  Lo, c m  . . . . . . . . . . . . . . . . .  102.20 
Image d i s t a n c e ,  Z O I  c m  3.96 

Foca l  l eng th ,  Fo, c m  . . . . . . . . . . . . . . . . . . . . . . .  3.81 

Assumed t r a n s m i s s i v i t y  . . . . . . . . . . . . . . . . . . . . . . .  0.85 

Elemental  s o l i d  a n g l e ,  i2,  sr . . . . . . . . . . . . . . . .  1.24 x 10-5 
Height and width  of  e lement ,  He and W e ,  cm . . . . . . . .  -1.39 x 

. . . . . . . . . . . . . . . . . . . . . .  

Encoding mask: 

F i e l d  s t o p :  
Height,  c m  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.534 
Width, cm . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0,568 
Angular v e r t i c a l  f i e l d ,  deg . . . . . . . . . . . . . . . . . . . .  7.26 
Angular h o r i z o n t a l  f i e l d ,  deg . . . . . . . . . . . . . . . . . . .  7.72 

1.25 Aperture  diameter, DF, c m  . . . . . . . . . . . . . . . . . . . . . . .  
Focal  l e n g t h ,  FF, c m  . . . . . . . . . . . . . . . . . . . . . . . .  1.25 
In-focus o b j e c t  d i s t a n c e ,  LF, cm . . . . . . . . . . . . . . . . .  4.72 
Image d i s t a n c e ,  ZF, c m  . . . . . . . . . . . . . . . . . . . . . .  1.72 
Assumed t r a n s m i s s i v i t y  . . . . . . . . . . . . . . . . . . . . . . .  0.85 

F i e l d  l ens : .  

Immersion l e n s :  
Index of r e f r a c t i o n  a t  10 pm,  n . . . . . . . . . . . . . . . . . .  4.005 

De tec to r  (HCT) :  
Length o f  one s i d e ,  w, c m  . . . . . . . . . . . . . . . . . . . . .  0.25 
Peak r e s p o n s i v i t y  of immersed d e t e c t o r  a t  11 p m ,  V/W . . . . . . . .  26.9 

Other:  
Mask t o  f i e l d  s t o p  d i s t a n c e ,  x,  c m  . . . . . . . . . . . . . . . .  0.25 
F i e l d  s t o p  t o  f i e l d  l e n s  d i s t a n c e ,  y ,  cm . . . . . . . . . . . . .  0.513 
Image diameter after immersion, dH, c m  . . . . . . . . . . . . . .  0.307 
Assumed l o s s  due t o  c i r c u l a r  i m a g e  o v e r f i l l i n g  squa re  d e t e c t o r  . . .  0.82 
Peak t r a n s m i s s i v i t y  a t  9 pm of 8.0-pm c u t o f f  f i l t e r  0.88 . . . . . . . .  

.... - _._. ....... 
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TABLE 11.- COMPARISON OF PREDICTION AND EXPERIMENT FOR PREAMPLIFIER 

INPUT NOISE VOLTAGE WITH VBB = 10.0 VOLTS 

~~ 

P r e d i c t e d  n o i s e  I Measured n o i s e  v o l t a g e ,  V/Hz112, of - 
V/Hz1 2 ? 

Frequency, 
kHz 

5 
10 
15 
20 
25 
30 
35 
40 
45 
50 

~ 

1.60 x 10-9 
1.60 
1.60 
1.60 
1.60 
1.60 
1.60 
1.60 
1.60 
1.60 

~. 

41-ohm r e s i s t o r  

4 .3  x 10-9 
3.3 
2.5 
2.5 
2.15 
2.15 
2.15 
2.15 
1.6 
1.6 

_. . -. ~ 

HCT d e t e c t o r  _ _  .. -. 

4.3 x 10-9 
3.3 
3.0 
2.5 
2.5 
2.17 
2.17 
2 .o 
2.0 
1.9 

. . _._______ 
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TABLE 111.- NOISE MEASUREMENT RESULTS 

Root-mean-square 
n o i s e  v o l t a g e ,  

v o l t s  

De tec to r -p reampl i f i e r  n o i s e  
be fo re  ma t r ix  i n v e r s i o n  . . . . . . . . . . . . .  2.24 10-3 

System n o i s e  be fo re  ma t r ix  i n v e r s i o n  . . . . . . .  6.75 10-3 

Noise a f te r  ma t r ix  i n v e r s i o n  . . . . . . . . . . .  4.62  IO-^ 

TABLE 1 V . -  PERFORMANCE COMPARISON 

S igna l - to-noise  r a t i o  
(800-K source )  

Measured f o r  s y s  tem-noise- l i m i  t e d  
Hadamard imager . . . . . . . . . . . . . . .  53 0 

Measured f o r  de t ec to r -no i se - l imi t ed  
Hadamard imager . . . . . . . . . . . . . . .  1600 

P r e d i c t e d  f o r  Hadamard imager w i t h  
minimum d e t e c t o r  area . . . . . . . . . . . .  2200 

P r e d i c t e d  f o r  conven t iona l  imager w i t h  
e q u i v a l e n t  o b j e c t i v e  l e n s  and image 
element s i z e  . . . . . . . . . . . . . . . .  5300 
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Objective lens Detector array 

-Objective lens 

(a) Detector array for electronic scanning. (b) Scan mirror/single detector combination 
f o r  mechanical scanning. 

Figure 1.- Conventional imager. 
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Figure 2.-  tiadamard imager op t i ca l  subsystem. 
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Figure 3.- Photograph o f  Hadamard imager. 
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Figure 4.- Block diagram of  e l ec t ron ic s  subsystem. 
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Figure 5.- Diagram of r o t a t i n g  
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Figure 6.- Photoconductor geometry. 
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Figure 7.- Photoconductor, preamplifier, and balancing circuit 
(including prominent noise sources). 
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